In both invertebrate and vertebrate systems, the localization of maternal mRNAs is a common mechanism used to in¯uence developmental processes, including the establishment of the dorsal/ventral axis, anterior/posterior axis, and the germ line (for review, see Bashirullah et al., 1998. Annu. Rev. Biochem. 67, 335±394). While the existence of localized maternal mRNAs has been reported in the zebra®sh, Danio rerio, the precise localization patterns of these molecules during oogenesis has not been determined. In this study, in situ hybridization experiments were performed on zebra®sh ovaries and activated eggs to examine different mRNA localization patterns. The results establish that while some maternal mRNAs remain ubiquitously distributed throughout the oocyte, other mRNAs follow speci®c localization patterns, including localization to the animal pole, localization to the vegetal pole, and cortical localization. The animal/vegetal axis is ®rst apparent in stage II oocytes when the earliest mRNA localization is seen. Unique patterns of localization are seen in mature eggs as well. Some mRNAs maintain their oocyte localization patterns, while others localize upon egg activation (fertilization). q
Results
In many biological systems, embryonic axis formation and cell fate determination are established by the localization of maternal mRNAs in the egg (for review, see Ding et al., 1993) . While this mechanism has been extensively studied in invertebrate organisms, such as mollusks, insects, and tunicates (Imai et al., 1999 ; for review, see Lasko, 1999; Nishida et al., 1999) , much less is known about the role of localized mRNA in vertebrate systems outside of amphibia (for review, see Mowry et al., 1999) . Of the known maternal genes that have been reported in zebra®sh, Danio rerio, few patterns of expression have been described during oogenesis. This study examines the localization of several maternally expressed zebra®sh mRNAs during oogenesis and later maturation of the egg.
Patterns of mRNA localization during oogenesis
The zebra®sh ovary consists of a jumbled array of oocytes ranging through four different stages of oogenesis, as described by Selman et al. (1993) . The earliest stage I oocyte contains no yolk and appears as a transparent ball of cytoplasm surrounding a central germinal vesicle (GV). By stages II and III, the oocyte has increased in size due to yolk uptake, while the GV remains in the center of the oocyte. At stage IV the oocyte undergoes maturation, marked by both the migration of the GV to the future animal pole of the embryo and the break down of the nuclear envelope. This migration is the ®rst morphological sign of polarity in the oocyte/egg and future embryo. After maturation, oocytes are ovulated, transported through the oviduct, and become stage V eggs that are capable of being fertilized.
Patterns of mRNA localization were analyzed on ovary sections by performing in situ hybridizations using probes to the following maternally expressed zebra®sh genes: cdc25 (T. Roskoph and R.K. Ho, unpublished), snail1 (Hammerschmidt et al., 1993; Thisse et al., 1993) , b -catenin (Kelly et al., 1995) , stat3 (Oates et al., 1999) , p62 (C. Howley and R.K. Ho, unpublished) , ryk (kind gift of C. Do), cyclin B (Kondo et al., 1997) , pou-2 (Hauptmann et al., 1995) , zDazl (Maegawa, 1999) , and vasa (Yoon et al., 1997) . Zygotic transcripts to tbx16 (Ruvinsky et al., 1998) , nieuwkoid (Koos and Ho, 1998) , and BMP4 (Nikaido, 1997) , were used as negative controls (data not shown). After examining these mRNAs, four different localization patterns were found to occur during oogenesis including localization to the future animal pole, localization to the cortex of the egg, localization to the vegetal pole, and (Fig. 1 ). These patterns are described below using b -catenin, pou-2, cyclinB, vasa, and zDazl as examples.
1.1.1. b -catenin b-catenin does not localize during oogenesis (Fig. 2) , but remains dispersed evenly throughout the cytoplasm of the oocyte. Other mRNAs that remain unlocalized during oogenesis include cdc25, snail1, stat3, ryk, and p62 (data not shown). Strong expression of b -catenin, as well as the other mentioned mRNAs, is seen throughout the cytoplasm of stage I and II oocytes, while expression in stages III and IV appears weaker. This lower signal may be due to the large accumulation of yolk within the cytoplasm during these later stages. Unique to b-catenin, expression is also seen in the surrounding somatic follicle cells ( Fig. 2 ; arrow in IV). The presence of follicle cells stained with b-catenin was veri®ed using a DAPI stain (data not shown).
pou-2 and cyclin B
Both pou-2 and cyclin B mRNAs localize to a region of the oocyte that will become the future animal pole of the embryo (Fig. 2 ), a pattern originally described by Bally-Cuif et al. (1998) for the zorba gene, the zebra®sh homologue of the¯y orb and Xenopus CPEB genes. Similar to zorba, both transcripts are seen throughout the cytoplasm of stage I oocytes. However, cyclin B and pou-2 mRNAs begin to localize in stage II and late stage II/early stage III oocytes, respectively, whereas zorba localization was previously reported to occur at stage III (Bally-Cuif et al., 1998) . In stage III and IV oocytes, cyclin B and pou-2 mRNAs remain tightly localized along the cortex at the animal pole, which is marked at stage IV by the position of the GV ( Fig. 2 ; arrowheads in IV). No mRNA is detected elsewhere in the cytoplasm by in situ hybridization. This early localization demonstrates polarity within the oocyte prior to the migration of the GV.
Vasa
In stage I oocytes, vasa transcript is found throughout the cytoplasm (Fig. 2) . At stage II, the mRNA begins to localize to the cortex of the developing oocyte. By stages III and IV, vasa is found uniformly distributed along the periphery of the oocyte. Localization of vasa may appear as early as stage I, but this is dif®cult to determine as staining is often inconsistent in stage I oocytes regardless of the probe used. In stage III and IV oocytes, distribution of vasa mRNA appears to remain concentrated at the cortex.
zDazl
zDazl is the ®rst known mRNA to localize to the vegetal pole of the early zebra®sh embryo (Maegawa et al., 1999) . Examination of zDazl localization throughout the different stages of oogenesis (Fig. 2) reveals that it becomes localized to the presumed vegetal cortex of the oocyte by stage II, and possibly as early as stage I. The localization continues in stage III oocytes, at which point most of the staining appears to be concentrated at the presumed vegetal cortex, and is absent from the other regions of the oocyte. We have shown that localization of zDazl mRNA in a stage IV oocyte occurs at the vegetal pole, which is opposite to the pole containing the newly migrated GV. Double staining for zDazl and an animal pole marker (cyclin B) in a later stage V egg also demonstrates this animal/vegetal polarity (Fig. 3G ).
mRNA localization in mature stage V eggs
Fertilization and egg activation are both marked by the elevation of the chorion and a dramatic reorganization of the yolk cytoplasm which streams to the animal pole forming a yolk granule-free blastodisc (for review, see Ho, 1992; Kimmel et al., 1995) . In situ hybridization analysis was performed on activated eggs (stage V) using probes to vasa, cyclinB, zDazl, pou-2, snail1, and b -catenin mRNA, each of which represents the different localization patterns Fig. 1 . Categories of the different mRNA localization patterns found during zebra®sh oogenesis. mRNAs were categorized according to where the transcripts localize. The ubiquitous class consists of mRNAs that are distributed ubiquitously throughout the oocyte, but localize to the animal pole when the egg is activated (fertilized). The animal pole class contains mRNAs that localize to the animal poleduring oogenesis (there are temporal differences within this class regarding the stage at which this occurs), and remain at this pole upon egg activation. Vegetal pole class mRNAs localize to the vegetal pole during oogenesis and remain there upon activation. The only known member of this class, zDazl, localizes to the animal pole at a later stage during the cleavage divisions of early development. Cortex class mRNAs localize to the cortex of the oocyte during oogenesis and become localized to the animal pole upon egg activation. The cytoplasmic movements within the activated egg and during early cleavage stages (1±2 cell), are also noted. (Maegawa et al., 1999). found during oogenesis. Upon activation, the previously unlocalized transcripts of snail1 and b-catenin become localized to the animal pole through bulk¯ow movements of cytoplasm through the center of the egg. As shown in Fig.  3B ,C (arrowheads), b -catenin and snail1 mRNA can be seen within the central region of the yolk cell, presumably streaming toward the animal pole through previously described bulk¯ow movements (Ho, 1992; Kimmel et al., 1995; Jesuthasan and Stra Èhle, 1996) . vasa mRNA also localizes to the animal pole when the egg is activated (Fig. 3E) , where it concentrates along the margin of the future blastoderm. vasa mRNA can additionally be seen in streaming lines along the outside periphery of the egg, referred to as the yolk cortex, as shown in Fig. 3F (arrowheads) , as well as through central¯ow movements similar to those seen with b -catenin and snail1. Within the yolk-free cytoplasm, vasa mRNA can be seen in an animal/vegetal gradient, with the lowest mRNA concentration at the animal pole region of the future blastoderm ( Fig. 3E; see arrow) .
Unlike those transcripts that localize upon activation, cyclin B, pou-2 and zDazl mRNA are detected in the same positions they had previously localized to during oogenesis. In an activated stage V egg, zDazl mRNA stays localized at the vegetal pole (Fig. 3D) , while pou-2 and cyclin B mRNA remain localized at the animal pole (Fig. 3A,G) . These patterns of mRNA localizations are also seen in one-cell stage embryos (data not shown).
The zebra®sh egg is polarized along the animal/vegetal axis, as seen through dynamic mRNA localization patterns. By reviewing the localization patterns of the majority of known maternal mRNAs cloned in zebra®sh thus far (Fig.  1) , we conclude that many transcripts become localized to the animal pole during oogenesis. The demonstration that some mRNAs (e.g. b -catenin) localize only upon activation (fertilization) and others (e.g. vasa and zDazl) redistribute themselves through cytoplasmic streaming movements, provide alternative later pathways for mRNAs to be distributed in the embryo.
Materials and methods

Probes
Digoxigenin-labeled RNA probes were made with T7, T3, or SP6 polymerase from linearized plasmids containing the following cDNA sequences: bmp4, b -catenin, cdc25 (GenBank AF212941), cyclin B, z-Dazl, nieuwkoid, pou-2, p62 (GenBank AF211852), ryk, snail1, stat-3, tbx16, and vasa. cyclin B probe was made from an 854 bp cDNA piece obtained by PCR on maternal pre-MBT cDNA using the forward primer 5 H -GCCAAAATATCTGGCAGGAA-3 H and the reverse primer 5 H -CCATGGCAGTGAAGAAA-TCC-3 H , cloned in pGEM-T easy (Promega). In the double-label experiment, cyclin B probe was labeled with uorescein and detected with an anti-¯uorescein-AP using FastRed (Sigma). A 1.6 kb clone containing a sequence similar to p62 with a KH domain was obtained from a maternal cDNA zebra®sh library (gift from H. Takeda). Probe to this sequence was made from an 862 bp PCR fragment cloned in pGEM-T easy. Probe to cdc25 was made from a 583 bp fragment obtained from a 15±19 h library (gift from B. Appel) using 3 H RACE PCR methods (T. Roskoph and R.K. Ho, unpublished).
In situ hybridization
Whole-mount in situ hybridization
Ovaries were dissected out of freshly euthanized female ®sh, and stage V eggs were obtained by squeezing females. Whole ovaries and eggs were ®xed in 4% paraformaldehyde (PFA) overnight at 48C and dehydrated in methanol. Wholemount in situ hybridizations were performed as described in Thisse et al. (1993) , with a proteinase-K treatment of 20 min. Double-label in situ hybridization was performed according to Jowett and Lettice (1994) . Pictures of stage V eggs were taken on an Olympus SZ60 microscope. Ovaries were used for sectioning (see Section 2.3)
In situ hybridization on paraf®n sections
Ovaries were dissected from anaesthetized female ®sh, ®xed in 4% PFA overnight at 48C, and dehydrated in a butanol series. Ovaries were then embedded by series into Paraplast Plus. Sections (11 mm) were cut on a microtome and placed onto gelatinized slides. In situ hybridization was performed according to Johnston et al. (1997) . Sections were mounted in Cytoseal-280 and photographed on a Zeiss Axioskop.
JB4 sectioning of ovaries
Whole-mount in situ hybridization was performed on ovaries which were then dehydrated by series into 100% ethanol and embedded in JB-4 (Polysciences, Inc.). Freshly embedded tissue was cut on a microtome at 10 mm with a diamond knife (duPont). Sections were dried and mounted in cytoseal-60. Pictures were taken on a Zeiss Axioskop.
